Preterm premature rupture of membranes is responsible for one-third of preterm births. Ehlers-Danlos syndrome (EDS) is associated with preterm premature rupture of membranes in humans. In particular, an EDS variant is caused by a genetic mutation resulting in abnormal secretion of biglycan and decorin, two small leucine-rich proteoglycans highly expressed in reproductive tissues. Because biglycan/decorin null mutant (Bgn
Introduction
Despite significant advances in the care of pregnant mothers and low-birth weight infants, preterm birth is the leading cause of newborn morbidity and mortality and is the main cause of hospitalization in the first year of life in the United States. Moreover, despite numerous interventions, the incidence of prematurity has shown no significant improvement in the last two decades (Ananth & Vintzileos 2006) . Risk factors for prematurity include adverse sociodemographic status, ethnicity, infection, stress, trauma, and a history of a premature birth. However, a majority of preterm births are unexplained (Romero et al. 1994) .
Preterm premature rupture of fetal membranes (PPROM) is estimated to account for 40% of preterm births (Steer 2005) . Although recent research has focused on inflammation leading to activation of matrix metalloproteinases (MMPs; Parry & Strauss 1998 , Menon & Fortunato 2004 ) as a mechanism, it appears implausible that infection is the only etiologic factor, because the majority of patients have no clinical evidence for an ongoing inflammatory process. Several mechanisms have been proposed to play a role in the process of PPROM, including physical stress, biochemical alterations, and apoptosis (Parry & Strauss 1998 , Menon & Fortunato 2004 , Arikat et al. 2006 , El Khwad et al. 2006 . Risk factors for PPROM resemble those for preterm birth and include genetic susceptibility and infection (Parry & Strauss 1998) .
Infants with Ehlers-Danlos syndrome (EDS) have a significantly increased incidence of preterm birth from PPROM in comparison to their unaffected siblings (Barabas 1966 , Yen et al. 2006 . EDS is a heterogeneous group of rare inherited connective tissue disorders associated with a decrease in tensile strength and integrity of skin, joints, and other connective tissues.
In patients afflicted with the progeroid variant of EDS, the molecular basis of the connective tissue anomaly is a mutation of xylosylprotein-4b-galactosyl-transferase I, an enzyme that is necessary for the posttranslational glycosylation of biglycan and decorin, two small leucine-rich proteoglycans (SLRPs; Schaefer & Iozzo 2008 ) that are involved in regulating collagen fibrillogenesis, cell growth, and inflammatory responses (Reed & Iozzo 2002) . This mutation leads to the abnormal secretion of biglycan and decorin core protein lacking glycosaminoglycan side chains (Kresse et al. 1987 , Quentin et al. 1990 .
Mice deficient in biglycan, decorin, or both model the phenotype of EDS, displaying connective tissue anomalies of skin, bone, and tendon (Danielson et al. 1997 , Xu et al. 1998 .
Biglycan is a SLRP that is a component of the extracellular matrix in various tissues including skin, bone, tendon, and connective tissues , Wadhwa et al. 2004 . Its core protein contains two chondroitin or dermatan sulfate side chains (Bowe et al. 2000) . Biglycan binds to collagen VI, transforming growth factor a (TGFA) and b (TGFB), chordin, and bone morphogenetic protein 4 (BMP4; Hildebrand et al. 1994 , Wiberg et al. 2001 , Chen et al. 2004 , Hayashi et al. 2005 , Moreno et al. 2005 . Decorin is an SLRP protein with one chondroitin or dermatan sulfate side chain that demonstrates w55% homology with biglycan (Iozzo & Murdoch 1996) and also interacts with a number of extracellular matrix constituents and growth factors (Iozzo & Schaefer 2010) .
Biglycan and decorin are expressed in various gestational tissues in humans and mice (San Martin & Zorn 2003 , San Martin et al. 2003 , Chen et al. 2007 . They are expressed in the human placenta, where they are increased in association with gestational diabetes mellitus (Chen et al. 2007) . Biglycan is expressed in the uterus of pregnant mouse (San Martin & Zorn 2003 , San Martin et al. 2003 , while both biglycan and decorin are decreased in the human myometrium during labor (Hjelm et al. 2002) . In decorin homozygous null mutant mice, the decidualized stroma of the uterus shows abnormal architecture with large diameters and irregular contours of the endometrial collagen fibrils (Sanches et al. 2010) . Furthermore, these SLRPs are the most abundant proteoglycans expressed in human fetal membranes (Gogiel & Jaworski 2000 , Meinert et al. 2001 , Gogiel et al. 2003 , Valiyaveettil et al. 2004 . After labor, biglycan increases, whereas decorin decreases in fetal membranes (Meinert et al. 2007 ). However, little is known about the role these proteoglycans play in the maintenance of gestation.
Thus, we hypothesize that biglycan and decorin are necessary for the attainment of successful full-term gestation and that the absence of both biglycan and decorin will lead to preterm birth.
Results
First, we evaluated the reproductive capacity of the following females compared to the wild type (Bgn
): biglycan homozygous null mutant and decorin homozygous null mutant mice (Bgn
and Bgn
), the biglycan heterozygous/decorin heterozygous null mutant (Bgn C/K Dcn C/K ), the biglycan heterozygous/decorin homozygous null mutant (Bgn C/K Dcn K/K ), the biglycan homozygous/decorin heterozygous null mutant (Bgn
), and the biglycan homozygous/decorin homozygous null mutant (Bgn K/K Dcn K/K ). Wild-type females, biglycan homozygous null mutant females, and decorin homozygous null mutant females were bred with males of their own genotype. Bgn
, and Bgn K/K Dcn K/K females were bred with Bgn
Dcn
C/K males as described in the Materials and Methods section.
When comparing mating frequency (defined as the number of days of mating necessary for the formation of a plug that leads to clinically apparent pregnancy), there were no differences among Bgn Figure 1A , see section on supplementary data given at the end of this article). The rate of progression from plugging to viable pregnancy demonstrated a significant decrease in the Bgn
.022, and PZ0.153 respectively; Supplementary Figure 1B) . Comparing prenatal litter size as well as number of viable versus resorbing embryo implantation sites at E12, E15, and E18, we observed no significant difference in Bgn K/K Dcn C/C and Bgn C/C Dcn K/K dams compared with Bgn C/C Dcn C/C dams (PZ0.574 and PZ0.385 respectively; Supplementary Figure 2A and B, see section on supplementary data given at the end of this article).
We observed that the Bgn
pups displayed lower weights at P1 than their littermate controls and displayed a trend toward lower weights at E18 that was not statistically significant, although their placental weights at E18 were not different from littermate controls ( Fig. 3A-C ; PZ0.0014, PZ0.2068, and PZ0.858 respectively). As a first step in pinpointing the compensatory mechanisms that allow for normal gestational phenotypes in null mutants that possess at least two of four wildtype SLRP alleles, we performed immunohistochemical analysis of gestational tissues at E18. We assessed decorin expression and localization in the placenta and fetal membranes in the presence and absence of biglycan, as well as the expression and localization of biglycan in the same tissues in the presence and absence of decorin. Each experiment was repeated three times. Comparing placental sections of wild-type and biglycan homozygous null mutant mice, we noted a robust upregulation of decorin in the absence of biglycan. Conversely, biglycan was upregulated in the decorin homozygous null mutant placenta (Fig. 4A) . We did not note a change in biglycan expression in decorin homozygous null mutant fetal membranes or in decorin expression in biglycan homozygous null mutant fetal membranes. Our results were similar for all tissue types at E12 and E15, but the biglycan and decorin upregulation in the placenta was less striking than that at E18 (data not shown). Quantitative analysis revealed a statistically significant increase in decorin immunofluorescence in the biglycan homozygous null mutant placenta compared with the wild type (P!0.001), as well as a statistically significant increase in biglycan immunofluorescence in the decorin homozygous null mutant (P!0.001), but no difference in fetal membranes (Fig. 4B) .
Next, in order to assess whether the protein compensation between biglycan and decorin in the placenta was also present at the transcriptional level, we quantified gene expression of these SLRPs in mouse gestational tissues during the course of gestation. We measured biglycan mRNA levels in the wild-type and decorin homozygous null mutant and decorin mRNA levels in the wild-type and biglycan homozygous null mutant in placenta and fetal membranes at E12, E15, and E18 via quantitative real-time PCR. Each experiment was repeated three times. Our data indicate that biglycan is developmentally regulated in fetal membranes (PZ0.017) and placenta (PZ0.005), and decorin is developmentally regulated in fetal membranes (P!0.001) but not in the placenta (PZ0.188). However, there is no significant difference in biglycan transcript levels in the presence or absence of decorin in either of the gestational tissue types. Likewise, there is no difference in decorin transcript levels in the presence or absence of biglycan in either of the gestational tissue types (Fig. 5 ).
Discussion
To our knowledge, this is the first established mouse model of a genetic mechanism of spontaneous preterm birth. In other models of preterm birth, for example, the interleukin-18, interleukin-10, and recombination activating gene 1 knockout models, preterm birth was linked to an inflammatory insult and was not spontaneous (Robertson et al. 2006 , Wang et al. 2006 , Bizargity et al. 2009 , Thaxton et al. 2009 ). Furthermore, to our knowledge, this is the first mouse model of genetic preterm birth that displays a correlation to a human disease associated with preterm birth.
The underlying cause of the progeroid variant of EDS, a disorder associated with decreased connective tissue tensile strength, is a mutation in the enzyme xylosylprotein-4b-galactosyl-transferase I (Kresse et al. 1987 , Quentin et al. 1990 ). This mutation prevents posttranslational glycosylation of biglycan and decorin, resulting in the secretion of non-glycosylated abnormal biglycan and decorin protein cores (Kresse et al. 1987 , Quentin et al. 1990 . Infants born with EDS have a significantly Biglycan and decorin are necessary for the maintenance of gestation to full term in a dose-dependent and compensatory manner. Biglycan homozygous null mutants, decorin homozygous null mutants, and biglycan heterozygous/decorin heterozygous null mutant are not at increased risk of preterm birth. Biglycan heterozygous/decorin homozygous null mutants and biglycan homozygous/decorin heterozygous null mutants are at increased risk of preterm birth, whereas biglycan homozygous/decorin homozygous null mutants are at further increased risk of preterm birth, PZ0.0002. c 2 test: Bgn elevated incidence of preterm birth from PPROM in comparison to their unaffected siblings (Barabas 1966) . Thus, the biglycan homozygous/decorin homozygous null mutant mouse (Bgn
) is a novel model of human preterm birth caused by genetic predisposition.
The significance of this model extends beyond its utility as a model for preterm birth secondary to the rare EDS. Otherwise healthy women with a history of recurrent preterm birth secondary to PPROM of unknown etiology have skin morphology similar to patients with EDS (Hermanns- Le et al. 2005) . In women with recurrent PPROM, the histochemical structure of the dermis showed thin, irregularly shaped collagen bundles with little interconnectivity (Hermanns-Le et al. 2005) . This finding suggests the existence of a spectrum of clinical presentations in which EDS with its full scope of connective tissue abnormalities may represent the extreme form and phenotypically healthy women with recurrent PPROM represent the mild end of the spectrum. Mutations in biglycan and decorin may be part of undiagnosed predisposing genetic factors for preterm birth. Hence, our model has the potential to provide insight into novel mechanisms that predispose phenotypically healthy women to 'idiopathic' PPROM.
Our studies indicate that biglycan and decorin contribute to the attainment of full-term gestation in a gene dose-dependent manner. The loss of two of the four possible wild-type SLRP alleles in the dam does not change the attainment of full-term gestation when compared with the wild-type dam. However, the loss of three wild-type alleles, and even more dramatically the loss of all four wild-type alleles, results in a significantly increased risk of preterm birth. These observations suggest that the complete absence of both biglycan and decorin wild-type alleles results in dysregulation of processes that are protective of preterm birth.
Decorin plays a role in trophoblast migration , Iacob et al. 2008 . In the placenta, we observed an increase in biglycan expression in the absence of decorin and an increase in decorin expression in the absence of biglycan. Thus, we suggest that the appropriate birth weight in the biglycan homozygous null mutant and decorin homozygous null mutant compared with the biglycan homozygous/decorin homozygous null mutant female as well as successful gestational outcomes are a function of compensatory SLRP upregulation in the placenta. This is an indication of some functional overlap between the two proteoglycans. Furthermore, the attainment of full-term gestation seen in the biglycan homozygous null mutant, decorin homozygous null mutant, and the biglycan heterozygous/decorin Table 2 The mean litter size for Bgn C/K Dcn C/K dams is decreased at P1 secondary to the loss of Bgn
9.3 (10) 6.6 (14)* (B) The number of Bgn K/K Dcn K/K mouse pups is unchanged prenatally but decreased postnatally compared with Mendelian distribution Bgn
7% (10) 6.25 Bgn 
. Shading: range of normal length of pregnancy. (B) Number of mouse pups per litter surviving beyond 24 h of age. Bgn
dams display a significantly decreased litter size at 24 h, P!0.001. Bgn
, nZ7. Error barsZS.E.M. P, postnatal day; Bgn, biglycan; Dcn, decorin. One-way ANOVA with Holm-Sidak contrast was performed for both sets of data (*P!0.05).
, and Bgn C/K Dcn C/K ) compared with the impaired preterm birth reproductive phenotype of the biglycan heterozygous/decorin homozygous null mutant, the biglycan homozygous/decorin heterozygous null mutant, and the biglycan homozygous/decorin homozygous null mutant (Bgn
may also be a function of compensatory SLRP upregulation. This ability to compensate for each other in reproductive tissues is similar to the genetic compensation that has been reported in skin, bone, muscle, kidney, and cornea , Corsi et al. 2002 , Zhang et al. 2009 ) between biglycan and decorin, as well as in tendon between another set of SLRPs, lumican and fibromodulin (Svensson et al. 1999) . Interestingly, we did not observe similar compensatory upregulation of protein expression in the fetal membranes. This could be a result of compensatory mechanisms not being present in the fetal membranes. Alternately, it may be a reflection of the fact that given the abundance of both biglycan and decorin in fetal membranes (Parry & Strauss 1998) , a possible compensatory increase may not be appreciable with the techniques used.
The compensatory biglycan and decorin protein upregulation we observed in the placenta of decorin homozygous null mutant and biglycan homozygous null mutant dams was not present at the gene transcript level, suggesting that the compensation is secondary to posttranscriptional processes such as increased mRNA stabilization or decreased protein degradation and not increased gene expression. Also, we observed that both biglycan and decorin are developmentally regulated in fetal membranes and biglycan, but not decorin, is developmentally regulated in the placenta. This again suggests an important role in the maintenance of successful gestation, as well as underlining that biglycan and decorin act via discrete mechanisms.
Biglycan homozygous/decorin homozygous null mutant (Bgn K/K Dcn K/K ) pups have lower birth weights and a trend toward lower late gestational (E18) weights than their littermate controls but not lower placental weights. This suggests that the absence of both biglycan and decorin in the pup leads to in utero growth restriction or, conversely, that having at least partial biglycan or decorin competence is protective for appropriate fetal and early postnatal growth. However, biglycan and decorin are not necessary for appropriate placental growth. This observation is consistent with infants born with EDS, who display low birth weight (Roop & Brost 1999) as well as with infants with in utero growth restriction, who display decreased placental biglycan and decorin expression , Swan et al. 2010 . Given that mean litter size decreases between E18 and P1 and subsequently less than the Mendelian expected numbers of biglycan homozygous/ decorin homozygous null mutant (Bgn 
Dcn
C/K dams, nZ12; litters, nZ14; total pups in litters, nZ93; Bgn
Biglycan heterozygous/decorin heterozygous null mutant mouse dams' litters were weighed on E18. As opposed to P1 pup weights, there is no significant difference in pup weight at E18 between littermates of various genotypes. Pregnant Bgn
; total pups in litters, nZ63; Bgn
, nZ5. (C) Biglycan heterozygous/decorin heterozygous null mutant mouse dams' placenta weight was measured on E18. As opposed to P1 pup weights, there is no significant difference in placenta weight between littermates of various genotypes. Pregnant Bgn C/K Dcn C/K dams, nZ10; total pups in litters, nZ93; Bgn
, nZ20; and Bgn are present in litters of Bgn C/K Dcn C/K females mated with Bgn K/0 Dcn C/K males at P1, we suspect that the same mechanisms that lead to low birth weight also lead to late fetal or early postnatal loss. The genotype of the placenta and fetal membranes reflects that of the fetus and not of the dam, emphasizing the fact that it is the complete absence of both biglycan and decorin in the fetus that is associated with significant growth restriction and not the maternal genotype (Bgn C/K Dcn C/K ), which is identical for all littermates.
Beyond their structural roles, both biglycan and decorin have been implicated in a host of signaling pathways that may provide insight into their mechanisms of action in the placenta leading to in utero growth restriction as well as in fetal membranes leading to preterm birth.
Among these pathways are the TGFB, BMP, SMAD, and WNT-WISP pathways. TGFB signals via the SMAD family of intracellular transcription factors, demonstrates cross talk with the WNT-WISP pathway at a number of levels and plays a crucial role in embryonic development as well as a multitude of other processes (Guo & Wang 2009 ). Biglycan and decorin interact with these pathways in a number of ways. Their differential expression is regulated by these growth factors (reviewed in Kinsella et al. (2004) ). They both bind TGFB and decorin modulates its activity via negative feedback mechanisms (Bassols & Massague 1988 , Okuda et al. 1990 , Yamaguchi et al. 1990 , Border et al. 1992 , whereas both biglycan and decorin bind WISP1 and modulate its activity (Desnoyers et al. 2001) . Also, decorin plays a role in placental trophoblast antimigratory activity (Iacob et al. 2008) . Thus, the absence of both biglycan and decorin may lead to dysregulation of placental growth via complex and system-specific interactions within the TGFB, BMP, SMAD, and WNT-WISP pathways.
Another possible mechanism of biglycan and decorin's role in in utero growth restriction is their function in anti-coagulation. The placentae of infants with in utero growth restriction display decreased biglycan and decorin as well as thrombosis (Fuke et al. 1994 , Swan et al. 2010 , whereas the glycosaminoglycan chains on biglycan and decorin display anti-coagulant activity (He et al. 2008) . Thus, the absence of biglycan and decorin in the placenta may lead to thrombosis and fibrosis of the placenta with subsequent in utero growth restriction.
Biglycan is also a ligand for the transmembrane receptors Toll-like receptors 2 and 4, thus playing a role in inflammatory cascade activation (Schaefer et al. 2005) . Via this pathway, biglycan may play a role in modulating an inflammatory response whose dysregulation may lead to PPROM or in utero growth restriction. The underlying etiology of the preterm birth in our model is particularly challenging to ascertain. It is unclear whether it is the fetal genotype, the maternal genotype, or a combination of both that is causative of the phenotype. In patients with connective tissue anomalies secondary to EDS, preterm birth is caused by PPROM. Changes in collagen content and/or structure have been proposed to play a role in the pathogenesis of PPROM (Parry & Strauss 1998) . Biglycan and decorin are highly expressed in fetal membranes (Meinert et al. 2007 ) and bind collagens in the extracellular matrix (Brown & Vogel 1989 , Hildebrand et al. 1994 , Wiberg et al. 2001 , Chen et al. 2004 , Hayashi et al. 2005 , Moreno et al. 2005 . Thus, we hypothesize that the complete absence of both biglycan and decorin leads to decreased fetal membrane tensile strength and ultimately PPROM as the mechanism for the preterm birth observed in the biglycan homozygous/ decorin homozygous null mutant (Bgn K/K Dcn K/K ) dams. In addition, biglycan and decorin are differentially expressed in fetal membranes (Meinert et al. 2007) . Decorin decreases prior to parturition as membrane tensile strength decreases, although biglycan increases (Meinert et al. 2007 ). Thus, given biglycan's role in signaling in other tissues (Chen et al. 2004 , Moreno et al. 2005 , Schaefer et al. 2005 , it is possible that biglycan has a functional role beyond its biophysical, structural role in fetal membranes.
Another possible mechanism of biglycan and decorin's role in PPROM involves their interactions with MMPs. MMPs are proteases that are involved in extracellular matrix remodeling associated with various physiological and pathological processes (Malemud 2006) . A compelling body of evidence suggests that MMPs play a significant role in the pathogenesis of PPROM (Menon & Fortunato 2004 , Vadillo-Ortega & Estrada-Gutierrez 2005 . The mechanism by which MMPs are thought to contribute to the pathogenesis of PPROM is through the degradation of the extracellular matrix of fetal membranes. Proteoglycans and collagens are present in the fetal membranes (Parry & Strauss 1998) . The substrate affinities of MMP2, -3, -8, -9, and -13, all of which are expressed in fetal membranes, suggest that they target the various collagens as well as the proteoglycans within the fetal membrane extracellular matrix (Vadillo-Ortega & Estrada-Gutierrez 2005) . Also, decorin induces MMP1, -2, and -14 synthesis (Schonherr et al. 2001) . Furthermore, biglycan as well as decorin are associated with increased expression of MMP1 (Huttenlocher et al. 1996) . These observations suggest that biglycan and decorin may play a role in the process of tissue remodeling via interactions with MMPs, leading to PPROM.
Another possible mechanism of biglycan and decorin's role in PPROM involves their interactions with the TGFB, BMP, and SMAD signaling pathways described above. The TGFB, SMAD, and biglycan/ decorin signaling pathways are involved in the development of aortic aneurysms in humans, with SMAD2 levels correlating with extracellular matrix elastic fiber destruction (Gomez et al. 2009 ). Humans with EDS (Barabas 1972) , biglycan homozygous null mutant (Bgn K/K Dcn C/C ) mice (Heegaard et al. 2007) , and biglycan homozygous/decorin heterozygous null mutant mice (Bgn K/K Dcn C/K ) (data not shown) are at increased risk of developing aortic aneurysm and subsequent rupture. Aneurysms and subsequent aortic rupture are caused by the weakening of the vessel's connective tissue extracellular matrix; similarly, PPROM is caused by breakdown of fetal membrane connective tissue extracellular matrix. Biglycan is decreased in human aortic aneurysms and decorin is dyslocalized (Tamarina et al. 1998 , Theocharis & Karamanos 2002 , whereas biglycan is increased and decorin is decreased in Figure 5 Levels of biglycan mRNA in wild-type and decorin homozygous null mutant mouse placenta and fetal membranes, as well as decorin mRNA in wild-type and biglycan homozygous null mutant mouse placenta and fetal membranes were determined using qRT-PCR at progressive gestational ages. Biglycan and decorin are developmentally regulated in fetal membranes (PZ0.017 and P!0.001 respectively) and biglycan is developmentally regulated in placenta (PZ0.005). Biglycan and decorin do not compensate for each other at the transcript level in the biglycan homozygous null mutant or the decorin homozygous null mutant. Two-way ANOVA using genotype or gestational age as main effects, genotype with gestational age as interaction effect. nZ3 samples from three pregnant dams per condition. Error barsZS.E.M. E, embryonic day; Bgn, biglycan; Dcn, decorin. ruptured fetal membranes (Meinert et al. 2007) . TGFB, via its interactions with biglycan and decorin (reviewed in Kinsella et al. (2004) ), is involved in the regulation of collagens and MMPs (Ignotz & Massague 1986 , Ma et al. 1999 . Aortic rupture and rupture of fetal membranes display pathophysiological similarities that involve biglycan and decorin. Thus, the TGFB, SMAD, and biglycan/decorin signaling pathways may lead to PPROM via interactions with the MMPs and collagens (reviewed in Kinsella et al. (2004) ), mirroring its role in aortic rupture pathophysiology. Thus, we hypothesize that biglycan and decorin may play a role in reproduction by playing a significant role in maintaining the structural integrity of the fetal membrane extracellular matrix. Dysregulation by physiologic and/or pathologic processes via any or all of the aforementioned structural/signaling pathways may lead to tissue remodeling and subsequently to preterm premature rupture of membranes.
Nonetheless, based on the present data, we cannot rule out mechanisms other than PPROM leading to preterm birth. The maternal biglycan homozygous/decorin homozygous null mutant (Bgn K/K Dcn K/K ) genotype may cause uterine or cervical pathology leading to the preterm birth. Alternately, the genotype of the individual pups and their placenta and fetal membranes, be that biglycan homozygous/decorin homozygous null mutant (Bgn K/K Dcn K/K ) or others, may be leading to placental pathologies such as preeclampsia or to fetal membrane pathologies such as PPROM or chorioamnionitis, which then lead to preterm birth. Possibly, it is the interaction of both maternal and fetal gestational tissue pathology, each with its own individual genotype, which is leading to the observed preterm birth. Given the genetically complex nature of the maternal and fetal genotypes and thus the variety of possible genotype combinations that contribute to the gestational outcome, future experiments need to be thoughtfully geared toward controlling for the contribution of maternal and individual pup genetics on preterm birth outcomes. This would provide valuable insight into the mechanism by which biglycan and decorin contribute to the attainment of full-term gestation.
In summary, we present a novel gene dose-dependent mouse model of genetic preterm birth and in utero growth restriction and show that biglycan and decorin exhibit compensatory mechanisms. In addition to preterm birth, the loss of biglycan and decorin results in perinatal fetal loss and low birth weight. Thus, this model presents novel targets for preventive or therapeutic manipulation of preterm birth. We hope that future experiments with this model will allow for mechanistic insight into the initiators of preterm birth, as well as the discrete roles of both biglycan and decorin in gestation.
Materials and Methods

Mouse nomenclature
Biglycan homozygous null mutant: Bgn
Biglycan heterozygous/decorin heterozygous null mutant: Bgn C/K Dcn C/K female. Biglycan heterozygous/decorin homozygous null mutant: Bgn C/K Dcn K/K female. Biglycan homozygous/decorin heterozygous null mutant:
Mouse husbandry C3H wild-type mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). A biglycan homozygous null mutant breeding pair (generated by Marian Young (Xu et al. 1998) ) was a gift from Justin Fallon. A decorin heterozygous null mutant (Bgn
) breeding pair was mated to the birth of homozygous pups, which were then bred to establish the decorin homozygous null mutant colony. Mice were housed under standard conditions. A biglycan homozygous null mutant female was crossed with a decorin homozygous null mutant male to establish breeding pairs in which the females were heterozygous for both biglycan and decorin (biglycan heterozygous/decorin heterozygous null mutant: Bgn
) and the males were heterozygous for decorin but homozygous knockouts for biglycan (Bgn K/0 Dcn C/K ), given that biglycan is an X-chromosomal gene. These pairs were mated to breed mixed genotype litters. The Bgn K/0 Dcn C/K males were also used for mating with biglycan heterozygous/ decorin homozygous null mutant and biglycan homozygous/ decorin heterozygous null mutant females (Bgn
as well as biglycan homozygous/decorin homozygous null mutant females (Bgn
We chose this breeding strategy given that our observations demonstrate that while males with at least one SLRP allele have mating success that is not significantly different from the wild type, the biglycan homozygous/decorin homozygous null mutant male (Bgn K/0 Dcn K/K ) is not capable of producing a pregnancy (data not shown). Breeding pairs were set up in the evening. Plugs were checked the following morning and every morning thereafter. The day of the plug was defined as E0. Cages were observed each morning for litters. The morning that a litter was observed was defined as the day of birth. Pairs were set up for mating at 5-7 weeks of age. A subgroup of wild-type, biglycan homozygous null mutant and decorin homozygous null mutant pregnant dams were killed at E12, E15, and E18. Litter size as well as viable and nonviable embryo numbers were recorded.
Data was collected on the number of days of mating to copulatory plug, on the length of pregnancy from plug to birth, and on the litter size. Pups were weighed at P1. Mixed genotype litters were tattooed for identification after weighing and then tail snipped at P4-P7 for genotyping. A subgroup of the biglycan heterozygous/decorin heterozygous null mutant pregnant dams (Bgn C/K Dcn C/K ) was killed at E18. Pup and placental wet weight as well as litter size were recorded. Pups were tail snipped for genotyping. IACUC approval was obtained.
Genotyping
A 3 mm tail biopsy specimen was obtained for each pup within a mixed genotype litter at P4-P7 or at weaning. Genomic DNA was extracted from each tail biopsy sample using the High Pure PCR Template Preparation Kit (Roche). PCR was performed to identify the decorin and biglycan alleles using the Taq DNA Polymerase kit (New England Biolabs, Ipswich, MA, USA) and the PTC-200 thermal cycler. The PCR product was run on a 1.8% w/v agarose gel to visualize the following diagnostic bands. The decorin PCR produced bands of 161 bp for the wild-type allele and 238 bp for the knockout allele. The biglycan PCR produced bands of 212 and 310 bp for the wild-type and knockout alleles respectively.
RNA and cDNA preparation
Wild-type, biglycan homozygous null mutant and decorin homozygous null mutant mouse placenta and fetal membranes were dissected at three prenatal time points (E12, E15, and E18) in 0.1 mol/l PBS, pH 7.4, snap-frozen in liquid nitrogen, and stored at K80 8C. RNA extraction was performed using the Trizol method (Invitrogen). Genomic DNA was removed by incubating the RNA sample with DNase I (Invitrogen) for 30 min at 37 8C with subsequent RNA re-extraction with Trizol. The purified RNA was converted to cDNA using the Superscript III First-Strand Synthesis System Kit (Invitrogen).
Quantitative PCR analysis qPCRs were performed on the ABI PRISM 7000 real-time thermocycler (Applied Biosystems, Foster City, CA, USA) and on the Eppendorf Mastercycler epgradient S (Eppendorf, Hamburg, Germany) using the SYBR-Green method (Invitrogen). Primers were designed using Primer-Blast primer design software (National Library of Medicine, Bethesda, MD, USA). Gapdh was used as a normalizer. Melting point analysis of the product was performed to ensure the absence of alternative products or primer dimers. Data analysis was performed using the comparative C t method with a validation experiment. qPCR analysis was performed in triplicate, nZ3 samples from three dams per genotype.
Primer sequences qPCR biglycan: forward ATTGCCCTACCCAGAACTTGAC, reverse GCAGAGTATGAACCCTTTCCTG; qPCR decorin: forward TTCCTACTCGGCTGTGAGTC, reverse AAGTT-GAATGGCAGAACGC; qPCR Gapdh: forward CTCACA-ATTTCCATCCCAGAC, reverse TTTTTGGGTGCAGCGAAC; biglycan genotyping PCR wild-type allele: forward TGATGAG-GAGGCTTCAGGTT, reverse GCAGTGTGGTGTCAGGTGAG; biglycan genotyping PCR knockout allele, forward TGTGGC-TACTCACCTTGCTG, reverse GCCAGAGGCCACTTGTGTAG; decorin genotyping PCR allele: forward CCTTCTGGCA-CAAGTCTCTTGG, decorin genotyping PCR wild-type allele reverse TCGAAGATGACACTGGCATCGG; decorin genotyping PCR knockout allele: reverse TGGATGTGGAATGTGTGC-GAG. All primers were provided by Invitrogen.
Immunohistochemistry
Wild-type, biglycan homozygous null mutant and decorin homozygous null mutant mouse placenta and fetal membranes were dissected at three prenatal time points (E12, E15, and E18) in 0.1 mol/l PBS, pH 7.4. The specimens were then flash frozen in isopentane and stored at K80 8C. The frozen tissue was cryostat sectioned to 10 mm thickness, mounted on slides, and stored at K20 8C. Sections were fixed in 1% v/v paraformaldehyde and stained with primary antibodies using the mouse on mouse immunostaining kit for MAbs (Vector Laboratories, Burlingame, CA, USA), then incubated with primary antibody overnight at 4 8C and with secondary antibody for 30 min at room temperature. Sections were mounted with Vectashield mounting medium with DAPI (Vector Laboratories). Fluorescence microscopy to evaluate the samples was performed using an inverted stage Nikon Eclipse TE2000-E microscope equipped with epifluorescent filters and a Nikon Plan Apo 20! and 40! and a Plan Fluor 10! objective lens (Yokohama, Japan). Images were acquired using a Coolsnap HQ cooled CCD camera (Roper Scientific, Ottobrunn, Germany) and MetaVue software (Molecular Devices, Downingtown, PA, USA). Experiments were repeated three times with tissue samples from three dams per genotype.
Antibodies
The antibodies used were polyclonal rabbit anti-mouse biglycan antibody LF-159 (a gift from Larry Fisher) and polyclonal goat anti-mouse decorin antibody (R&D Systems, Minneapolis, MN, USA). Secondary antibody labeling was performed with goat anti-rabbit IgG conjugated to Alexa 488 (Invitrogen) for biglycan and rabbit anti-goat IgG conjugated to CY3 (Sigma-Aldrich) for decorin. Mouse IgG and rabbit IgG (Vector Laboratories) were used as controls.
Quantitative immunofluorescence analysis
Images of tissue sections were analyzed as follows: 5-15 images per sample were collected using constant exposure and microscope settings. Images were analyzed using MetaVue software (Molecular Devices). Image sets were thresholded to remove background and the integrated intensity was calculated for each image and the average was calculated for each sample. Error bars represent S.E.M. For both placenta and fetal membranes, decorin immunofluorescence of wild type was compared with the biglycan homozygous null mutant and biglycan immunofluorescence of wild type was compared with the decorin homozygous null mutant. Image analysis was repeated on placenta and fetal membrane samples from three pregnant females per genotype and antibody. 
